The fracture classification systems currently used most frequently were not developed or validated by rigorous scientific evaluation methods. This paper discusses the classification of fractures from an epidemiological and clinical decision-making perspective and proposes a standardized methodological concept for their development and scientific validation. Classification categories are clinically relevant entities that surgeons should be able to use for diagnosis with sufficient confidence to limit misclassification and associated treatment errors. The process of validation should assess the value of specific clinical information (eg, the use of radiographs or computed tomography scans) in increasing the probability of a correct diagnosis. A 3-phase validation concept is proposed where: 1) classification categories are defined and the classification process using specific diagnostic images is evaluated by experts in a series of agreement studies (reliability, accuracy, likelihood ratios); 2) a multicenter agreement study is conducted among a representative group of future users of the classification; and 3) the classification proposal is applied in the context of a prospective clinical study to assess its clinical usefulness.
I
njury localization and severity are important factors influencing the surgeon's choice of treatment and the patient's anatomic and functional outcome. These factors should therefore be documented in any clinical study for proper scientific evaluation of treatment interventions and outcomes. One aspect of injury very frequently recorded is the description and subsequent classification of bone trauma-the fracture. Numerous fracture classification systems have been proposed in orthopaedics, [1] [2] [3] but only a small number of them have become widely accepted in practice, such as the Müller-AO classification of long bones and the Orthopaedic Trauma Association (OTA) Fracture and Dislocation Compendium. [4] [5] [6] Classification systems have multiple purposes. They should facilitate communication between physicians and assist documentation and research. They should also have prognostic value for patients and assist physicians in planning their management. According to Maurice Müller, ''a classification is useful only if it considers the severity of the bone lesion and serves as a basis for treatment and for evaluation of the results.'' Although it is possible that the most used classification systems more or less have these attributes, this is poorly documented. Few fracture classifications are validated before they are ''officially'' accepted and promoted. [7] [8] [9] [10] [11] [12] [13] For example, the Neer classification system was shown to have prognostic value in predicting avascular necrosis, 14 thereby supporting its routine use in orthopaedic fracture care. However, subsequent studies reported its questionable interobserver reliability, casting doubt on previous observations of its validity. [15] [16] [17] [18] Indeed, in the context of treatment decision processes, a poorly validated classification will be a biased predictor of patient outcomes, and its use may result in unnecessary harm to patients (if an aggressive treatment is given to a patient wrongly classified as being in a ''severe'' classification category). In the course of scientific clinical research, poorly validated classifications will allow the misclassification of patients and bias the study, making the comparison of patient populations between studies difficult. Therefore, it is important to judge whether a classification process ''measures what we want it to measure, and how well'' 19 before it is widely accepted into clinical practice. It this respect, 2 significant shortcomings of classification should be addressed. The first is that classification systems often transform continuous variables into categorical ones; for instance, the obliquity of diaphyseal fractures is reduced to a dichotomous variable (#30°versus .30°) in the Müller-AO classification of long bones. 4 The second is that classification diagnoses are typically based on the assessment of radiographs or other ''imperfect'' diagnostic imaging techniques. 20 Attempts to validate existing classifications were made mainly through reliability studies that were initiated long after surgeons had started to use the classifications. Results were predominantly disappointing. 8, 21 The objective of this article is to review some methodological issues related to the purpose and quality of classifying fractures and to propose a structured approach for the future development and validation of classification systems in orthopedics.
CLASSIFYING FRACTURES IS A DIAGNOSTIC PROCESS
Classifying a fracture is equivalent to making a diagnosis. A few definitions should be provided to help understanding the issues involved. To illustrate them, let us consider that a patient with a hip fracture attends your clinic. Upon physical examination, you suspect a fracture of the femoral neck. -Classification system: the set of fracture categories and the structure that define the important fracture diagnoses to be made. For instance, the Garden classification is a wellknown classification system for femoral neck fractures. 22 The classification of femoral neck fractures as ''undisplaced'' or ''displaced'' is a clinically important fracture diagnosis because it will influence the course of treatment. [23] [24] [25] Another classification system as ''stable'' versus ''unstable'' fractures was recently proposed. 26 -True fracture status: the fracture category to which a given fracture truly belongs. Let us consider that the hip fracture of your patient is truly displaced and that you want to know that truth, or at least to be very confident about it. -Classification diagnosis (or rating): the fracture category to which a given fracture is allocated or diagnosed by an observer (eg, a surgeon 27 we will use the term ''reference standard'' instead of ''gold standard'' to account for this imperfection. The value of a classification system is first and foremost related to its clinical significance, in particular for making a prognosis and/or helping the treatment decision process. But before such a system can be studied and applied in practice, there must be defined a classification process that leads to classification diagnoses with sufficient accuracy. Would the classification of femoral neck fractures as ''undisplaced'' or ''displaced'' useful if you had 20% chance of misdiagnosing a truly displaced fracture? The consequences for the patients may be significant, because surgeons often treat nondisplaced fractures with internal fixation, whereas displaced fractures are currently perceived to be best managed with arthroplasty. 28 Let us consider what would happen in your clinic. When the patient with a fractured hip presents in the emergency department, you may be able to determine the most likely fracture category from clinical examination and expertise, but this prior assessment may not be conducted with high confidence (pretest probability of diagnosis). This probability may not be considered sufficient to make the final classification diagnosis that is necessary before deciding on the treatment. For instance, you would need to be at least 90% sure of your diagnosis to make a treatment decision. The performing of diagnostic tests, such as taking radiographs and/or CT scanning, provides clinical information, which improves the surgeon's confidence in a diagnosis (posttest probability). In this process, the prior probability could be very low, and the quality of the test used (diagnostic image) depends on its ability to increase the probability of a diagnosis to a level allowing a treatment decision to be made with confidence. This ability is influenced by many factors, such as the type and quality of image modalities used, as well as the experience of the reader (surgeon, radiologist, etc.), and we believe its assessment represents an important aspect of classification validation. Consequently, when developing a classification, specific rules and/or guidelines describing the classification process must be established to minimize variability and inaccuracy in classification diagnosis. 
METHODOLOGICAL STANDARDS ARE NEEDED
The validation of fracture classifications involves the measurement of several important objective quality parameters. Most of this methodology was originally developed in the social sciences, 19, 29 but some adaptations to the specific needs of orthopedics have been made. We have grouped validity criteria into 3 areas.
First, the classification system must be based on clinically relevant diagnostic items. For instance, if a classification is expected to measure fracture ''severity,'' the diagnostic items should be somewhat related to severity, such as some specific measures of displacement, the presence of bone fragments, or the involvement of joints (issue of face validity). All important items should be considered and not left out (issue of content validity). In the resulting classification system, all possible fractures should fit 1 and just 1 category (all inclusive and mutually exclusive). When developing a classification system, we believe a consensus should be obtained from a recognized group of experts about the purpose of the system and the relevance and completeness of concerned diagnostic items.
Secondly, we need to know how well the classification process performs in term of its reliability and accuracy.
Reliability measures to what extent repeated applications of the classification process on the same fractures agree (the reliability of successive observations by the same rater is defined as ''intrarater reliability'' or ''repeatability,'' and the reliability of successive observations by different raters is defined as ''interrater reliability''). Accuracy measures how well classification diagnoses fit with the true fracture status, which is best recorded by a ''gold standard'' classification process, or at least by an acceptable reference standard. The investigation of classification accuracy is rare, as implemented in only 20% of 44 published studies. 21 Indeed, the frequent lack of an adequate reference standard classification process is a major concern. Nevertheless, we believe investigators should systematically attempt to determine the true fracture status of cases included, even if the best available method for any study remains imperfect. An unreliable classification process is unlikely to be accurate (at least some diagnoses are wrong), but a reliable classification process may not be accurate. Thus, both reliability and accuracy are key components to any fracture classification. 8 Thirdly, the classification system must have construct validity, ie, its categories must be associated with relevant patient outcomes in the context of specific fracture management plans. For instance, although a classification system may appear to measure ''severity,'' its prognostic value for patient outcomes may be only suspected in its development phase and should be appropriately documented.
A classification should be considered as ''validated'' when these criteria are met. 19 Most classification systems were proposed for use in clinical practice without passing any test to determine their validity. 8, 21 The consequences of this approach are that surgeons do not have the necessary scientific evidence for the usefulness of the proposed systems; they were often left alone to judge which classification process should be best applied, and any revision of the existing systems is more difficult once they are in use. Hence, there was a need for a concept allowing early validation studies and on-going necessary revisions based on scientific data. In the following, we present our view on the important methodological issues to achieve this goal.
ISSUES OF CLASSIFICATION DEVELOPMENT
Several authors reported that a fracture classification should be related to specific treatment options, 3, 30 but like other authors 12,31-33 we do not share this view. A classification system should refer to biologic entities (eg, bone anatomy, fracture severity, etc.). In practice, a fracture classification system may be strongly related to treatment choice, because some surgeons will base their treatment decisions essentially on the classification. It is our opinion, however, that this is not a one-to-one relationship and ''treatment options'' (that may change over time) should not per se be part of the definition of classification categories. For instance, the Garden classification system usually divides patients into 2 proposed treatment categories: arthroplasty for displaced fractures (Garden III, IV) and internal fixation for undisplaced fractures (Garden I and II). 34 The choice of treatment, however, depends upon multiple factors such as known prognostic factors for specific outcomes and other factors related to the surgeon's experience, the patient's personal values, and the costs involved. Ultimately, a unified classification system should be developed to address all purposes. It would always be useful for documentation and epidemiological studies, but its usefulness for decisionmaking will depend on its prognostic value for clinically relevant outcomes. All bony biologic entities with proven prognostic value should be included in the classification if their categorization is justified.
Developing a classification implies creating categories, which may be a challenge if a diagnostic item is recorded on a continuous scale. For instance, nonspiral diaphyseal fractures of the long bones are classified as ''oblique'' or ''transverse'' in the Müller-AO classification 4 because the obliquity of the fractures plays an important role in prognosis and treatment. The scale used, however, is derived from the measurement of the angle formed by the long bone axis and the fracture line, ie, a continuous parameter. ''Oblique'' fractures are defined when the angle reaches at least 30°. We believe the choice of such a threshold should be evidence-based and supported by 2 main observations: 1) the threshold should clearly distinguish different types of fractures and is better justified when a small proportion of fractures are measured around the threshold; and 2) the prognostic value is not reflected by a continuous relationship between the continuous parameter and the outcomes. If there is a lack of scientific justification to categorize, the continuous parameters may serve the surgeons better if they are recorded outside the proposed classification system. Classifications based on categorized continuous parameters should always be done after effective measurement of the parameter following clear guidelines, in particular when the value is close to the chosen threshold. A research pathway should be used to validate continuous fracture measurements, including the implementation of agreement studies. [35] [36] [37] 
SEARCH FOR AN ADEQUATE REFERENCE STANDARD CLASSIFICATION PROCESS
As mentioned earlier when conducting agreement studies, the best effort should be made to quantify classification accuracy, then to estimate the most likely distribution of true fracture status in the sample of fractures used via a reference standard classification process. Several methods have been described and used in the past. The easiest reference standard classification may be obtained from consensus between participating raters 13, 18, 38, 39 or from an independent expert panel. 40 Such a consensus classification is likely to be closer to the true status than any single rating; however, it is dependent on the true ability of diagnostic images to indicate a specific classification category and on the expertise of the raters. Additional diagnostic images may be used, such as when CT scan assessments serve as a reference standard for the evaluation of radiographic assessments 41 (although CT scans may not be obtained from all patients). Alternatively, it may be that the best reference standard classification is derived from the sum of all the information collected, ie, everything from imaging studies to the findings at operative intervention. This postoperative (or posttreatment) classification would be better recorded prospectively while collecting cases for an agreement study, as a good understanding of the clinical information used is important. In the absence of an acceptable reference standard, reliance on some statistical methods may be useful, 42 as applied recently in the evaluation of a pediatric long-bone fracture classification. 43 
A PROPOSED VALIDATION PATHWAY
We propose a 3-phase concept that should be sequentially followed before a classification can be labeled as ''validated'' (Fig. 1) .
Phase 1 Study: Development or Revision of Classification Systems With Clinical Experts
Phase 1 studies are better conducted by clinical experts to develop or revise classification systems. Classification proposals should be based on extensive literature review and clinical expertise. They could be largely based on existing systems that one wishes to validate. Face and content validity should prevail. Experts should provide a clear and unambiguous description of classification categories, as well as specific diagnostic items to be assessed individually, before incorporation into a classification proposal. Ideally, a hypothesis as to how the classification categories should be related to clinically relevant patient outcomes and how they help in planning treatment should also be formulated, as it is required for the planning of phase 3 clinical studies.
Before a classification system can be used in practice and clinical studies, it is critical to determine and assess the classification process (Table 1) . It usually involves the use of imaging modalities (eg, CT scan and/or radiograph) combined with clear guidelines for their examination. The most appropriate classification process allows fracture diagnosis with an acceptable level of accuracy given the clinical context (including ethical and cost issues). They can be assessed in multisurgeon agreement studies.
Pilot agreement studies (assessing both reliability and accuracy) should be applied at an early stage in the development process with a limited number of cases and observers (usually the experts themselves) so that factors associated with poor reliability and accuracy can be readily identified and the proposal modified accordingly. Most common sources of disagreement between surgeons are related to the surgeon themselves, the clinical data used for conversion into classification categories, and the conversion procedure itself. 8 Revised proposals should be tested again with similar pilot agreement studies until experts are confident that the final proposal could be tested on a wider scale. Pilot agreement data should show that the proposal is likely to be reliable and accurate enough in practice. These data justify the risk of higher costs associated with larger pragmatic multicenter agreement studies (see phase 2). Such a phase 1 evaluation process has recently been completed for a pediatric long-bone fracture classification proposal 43, 44 after a series of 4 classification sessions over a 2-year period. The experts involved recognized that this would lead to a classification proposal with more clinically relevant categories, clearer definitions of categories, and a well-defined classification process.
If an existing classification system requires validation, investigators should initiate the process in a phase 1 study and consider the classification system as a starting point. Experts may need to define the classification process, and pilot agreement studies will help them identify areas for improvement. Our current experience is that results from the first pilot studies are unlikely to be fully acceptable, but have the power to drive appropriate and relevant changes.
Phase 2 Study: Pragmatic Multicenter Agreement Study in Clinical Practice
In phase 2, a pragmatic multicenter agreement study should be implemented using a large number of representative cases and raters with various levels of expertise. ''Pragmatic'' means that the reliability and accuracy of the classification process is conducted as close as possible to the real-life daily clinical routine, instead of the well-controlled pilot experiment involving only clinical experts. Changes to improve the classification should not be excluded in this phase, as the process must remain flexible. Depending on the extent of the changes made, any part of the classification system and/or process might be assessed again via pilot agreement studies as in phase 1. We believe this study phase is important because experts can produce excellent results after a series of evaluations. 43 Although very promising, these results must be verified in a broader clinical context to increase their generalizability to the whole community of surgeons. Practically, this study involves the classification of fractures from diagnostic images, as did the pilot agreement studies in phase 1.
When conducting agreement studies, a judgment should be made as to when results are ''acceptable,'' so that the validation process can move into the subsequent phase. This judgment should be made on the basis of estimations of classification accuracy and not only reliability parameters such as the Kappa coefficient. 21 What is ''acceptable'' should be decided specifically for each classification, as some classification categories may have more clinical importance than others. Practically, the validation process should attempt to measure the extent to which the diagnostic imaging technique used can increase the confidence that a diagnosis is correct. This evaluation should be implemented before anything can be said about the clinical usefulness of a classification.
Phase 3 Study: Prospective Clinical Observational Study
When a classification system has been defined and the classification process has been evaluated, clinical studies should be conducted to assess the clinical relevance and usefulness of classification categories. In phase 3, the proposed classification system can be applied in daily practice and assessed in the context of prospective clinical studies to investigate how it is related to patient outcomes given several treatment scenarios (issue of construct validity). Several studies have been conducted to verify the prognostic value of the Müller-AO long bones or AO/OTA classification systems. [45] [46] [47] They showed that the prognostic value of classification categories depends on the targeted outcomes and that factors influencing these outcomes are likely to be multiple and interrelated. Bhandari et al 48 showed that transverse, oblique, and segmental tibial shaft fractures treated with intramedullary nailing had a significantly higher risk of reoperation than spiral fractures, but only transverse fractures appear to have a prognostic value when other factors such as ''open versus closed injury'' and ''presence of less than 50 percent of cortical contact'' were considered in the analysis. Therefore, valid classification categories should not be assessed in isolation using univariable statistics. A multivariable approach is necessary, and potential confounding factors should be investigated with care.
In this phase, a large observational study should be conducted with accurate recording of most clinically relevant outcomes and their respective known or suspected prognostic factors, including treatment options. This study design permits the assessment of the prognostic value of the classification while considering the effect of other known prognostic factors. Investigators need to determine as accurately as possible the true status of the fractures under assessment (using all available clinical information as mentioned earlier), because misclassification of fractures is likely to bias (usually underestimate) their true prognostic value. This last phase is probably the most difficult of all, because prognostic information will vary with treatment applied, and treatment will change over time. Ongoing monitoring of register-type observational databases should be considered.
CONCLUSION
In this paper, we reviewed methodological issues related to the classification of fractures, and the several validation criteria to be addressed. Methodological standards are needed, and so is empirical research to identify important practical methodological issues. We propose a 3-phase approach to the development and validation of fracture classification systems. If accepted, this process should limit the proliferation of useless and poorly accepted classifications and help to obtain a general consensus for classifying fractures in orthopaedics. We recommend that one phase should be completed before the next one is started so that flexibility for changes remains before a final classification is promoted. Proposed revisions to existing classifications should follow the same path of evaluation. The decision to move into the next phase can be made upon evaluation of results using objective criteria. This approach will allow evaluation of whether a classification process measures what we want it to measure and how well.
